Abstract: In metazoans that undergo sexual reproduction, genomic inheritance is ensured by two distinct types of cell cycle, mitosis and meiosis. Mitosis maintains the genomic ploidy in somatic cells reproducing within a generation, whereas meiosis reduces by half the ploidy in germ cells to prepare for successive generations. The meiotic cell cycle is believed to be a derived form of the mitotic cell cycle; however, the molecular mechanisms underlying both of these processes remain elusive. My laboratory has long studied the meiotic cell cycle in starfish oocytes, particularly the control of meiotic M-phase by maturation-or M phase-promoting factor (MPF) and the kinase cyclin B-associated Cdk1 (cyclin B-Cdk1). Using this system, we have unraveled the molecular principles conserved in metazoans that modify M-phase progression from the mitotic type to the meiotic type needed to produce a haploid genome. Furthermore, we have solved a long-standing enigma concerning the molecular identity of MPF, a universal inducer of M-phase both in mitosis and meiosis of eukaryotic cells.
Introduction
All living organisms are comprised of cells, 1) , 2) and all cells only arise from pre-existing cells.
3) Since these principles were discovered in the mid-19th century, cell reproduction has been a subject of intense investigation. 4) Nearly a century later, notably in the same year (1953) that the DNA double-helix model was proposed by Watson and Crick, the process of cell reproduction in eukaryotes, designated the cell cycle, was first described to consist of four discrete phases -G1, S, G2, and M -by Howard and Pelc. 5) Namely, a period of chromosomal DNA replication (S-phase) is separated from the preceding and succeeding periods of chromosomal DNA segregation (M-phase) by two gap periods, G1 and G2, respectively. The cell cycle ensures accurate genomic inheritance by maintaining genomic ploidy (chromosome number) throughout cell and organismal reproduction.
In eukaryotes that undergo sexual reproduction, genomic ploidy is maintained by two distinct types of cell cycle, the mitotic cell cycle ("mitosis" by Flemming 6) ) in somatic cells and the meiotic cell related protein 1; GPCR: G protein-coupled receptor; GSS: gonadstimulating substance; GVBD: germinal vesicle breakdown; Gwl: Greatwall kinase; LH: luteinizing hormone; MAPK: mitogenactivated protein kinase; 1-MeAde: 1-methyladenine; meta-I: metaphase of meiosis I; meta-II: metaphase of meiosis II; MIH: maturation-inducing hormone; MIS: maturation-inducing substance; MPF: maturation-or M phase-promoting factor; NEBD: nuclear envelope breakdown; PDE: phosphodiesterase; PDK1: phosphoinositide-dependent kinase 1; PI3K: phosphoinositide 3-kinase; PIP3: phosphatidylinositol 3,4,5-triphosphate; PKA: cAMP-dependent protein kinase; PKB: protein kinase B; PP1: protein phosphatase 1; PP2: protein phosphatase 2; pre-IC: preinitiation complex; pre-RC: pre-replicative complex; Rsk: p90 ribosomal S6 kinase; TORC2: target of rapamycin complex 2.
cycle ("meiosis" by Farmer and Moore 7) ) in germ cells (i.e., female oocytes and male spermatocytes). 8) During mitosis, the chromosome number is first doubled and the chromosomes are subsequently divided equally into two daughter cells, thereby maintaining the ploidy within a generation. In contrast, meiosis halves the chromosome number, leading to the production of haploid gametes. Zygote formation (i.e., the conjugation of female and male gametes) at fertilization restores the chromosome number in the subsequent generation.
The reduction of the chromosome number to half during meiosis results from a meiosis-specific cell cycle pattern that consists of two consecutive M-phases (meiosis I and meiosis II) without an intervening Sphase. Because eukaryotes that do not utilize sexual reproduction usually only undergo mitosis, germ cell meiosis is believed to be a subtype of somatic cell mitosis. Clarifying the way in which the mitotic cell cycle can be modified to the meiotic cell cycle is key to understanding how meiosis can halve the chromosome number. However, despite intensive investigation, the molecular mechanisms underlying both of these cell division processes remain elusive.
In addition to the absence of S-phase during the meiosis I to II transition, the meiotic cell cycle in the oocytes of most metazoans has two unique features: the meiotic cell cycle arrests at two different times. 9 ),10) The first arrest occurs at the prophase of meiosis I (prophase I, which is equivalent to the late mitotic G2-phase in somatic cells) during oogenesis. Oocytes undergoing the first arrest are defined as immature. The release of immature oocytes from this arrest is known as meiotic resumption or the meiotic G2/M-phase transition, which is followed by meiotic maturation or oocyte maturation. The second arrest occurs subsequently as the maturing/mature oocytes await fertilization. The second arrest occurs at different cell cycle stages in the oocytes of different species, but it is invariably released by sperm-oocyte interactions at fertilization. All of the meiotic resumption, the meiosis I to II transition, and the second meiotic arrest are aspects of M-phase progression, each of which is critical for the halfreduction of the chromosome number in oocyte meiosis. Our goal has been to understand the molecular controls that govern M-phase progression, and their crucial modifications that underlie the half-reduction of the chromosome number during egg formation.
The study of meiotic resumption and meiotic maturation in oocytes actually began even prior to the identification of the four cell cycle phases because of the importance of these processes for mammalian reproductive endocrinology. Release from the first arrest in oocytes usually occurs at ovulation and is under the control of gonadotropic hormones (see reviews Refs. 11, 12) . Over the years, the merging of reproductive endocrinology and cell cycle approaches to the study of oocyte-specific meiotic M-phase progression has proven to be highly rewarding.
My laboratory has long studied the mechanisms of meiotic cell cycle control in starfish oocytes. Here, I would like to retrace from a personal perspective how our studies developed through interactions with related research areas. Our research was originally based on work that was performed half a century ago in Japan on the reproductive endocrinology of oocyte maturation in starfish. Our findings over the years have contributed to the clarification of a key molecular principle that alters the mitotic cell cycle into the meiotic cell cycle, and we have further been able to determine the molecular identity of the universal M-phase inducer that is conserved in both mitosis and meiosis (for reviews Refs. 10, 13, 14).
The beginnings of invertebrate
reproductive endocrinology 2.1. Starfish gonadotropin. Reproductive endocrinology in the mid-20th century established that luteinizing hormone (LH), a gonadotropin secreted by the pituitary gland, induces ovulation and oocyte maturation in vertebrates including humans, mice, rats, and frogs. It was not believed at the time, however, that neural hormones similar to vertebrate gonadotropins could control reproduction in invertebrates. In 1959, Chaet and McConnaughy nonetheless reported that gamete shedding, which is analogous to ovulation, can be induced in ripe starfish by injecting a hot-water extract of the starfish radial nerve into the coelomic cavity. 15) This "unexpected finding" 15) opened the window on to the reproductive endocrinology in starfish (for reviews Refs. 16, 17) . The active factor(s) in the radial nerve extract was later designated alternatively as gameteshedding substance (GSS; subsequently renamed as gonad-stimulating substance) or radial nerve factor. Because GSS was only detectable in the coelomic fluid when starfish are naturally spawning, GSS was considered to be a gonadotropin-like hormone similar to LH in vertebrates (Fig. 1A) .
GSS, the first gonadotropin-like hormone demonstrated in invertebrates, was characterized preliminarily as a single peptide with a molecular weight either of 94.8 kDa (42 amino acid residues) (by Chaet; see Ref. 16 ) or of 92.1 kDa (22 amino acid residues 18) ). Much more recently, GSS was finally purified from starfish radial nerves and characterized as a heterodimeric peptide with a molecular weight of 4,737 kDa (chains of 24 and 19 amino acid residues, which are cross-linked by three disulfide bonds). The molecule was phylogenetically classified as a member of the insulin/insulin-like growth factor (IGF)/relaxin superfamily. 19) 2.2. Maturation-inducing hormone.
Even though the molecular identity of GSS remained unclear in the 1960s, Haruo Kanatani and his colleagues spearheaded important advances during that decade into the reproductive endocrinology of starfish. They found that GSS induces not only gamete shedding, but also simultaneously meiotic resumption in oocytes, 20) and they established that the action of GSS on these processes is indirect (Fig. 1A) . Namely, they found that GSS acts on ovarian follicles surrounding each oocyte to induce the synthesis of a second hormone, meiosis-inducing substance (MIS; subsequently renamed as maturation-inducing substance; also known as maturationinducing hormone, MIH), which in turn induces both oocyte maturation and oocyte spawning 21)-23) (for a review Ref. 16 ). Soon thereafter, starfish MIS was purified and identified as 1-methyladenine (1-MeAde) by Kanatani and colleagues. 24) Indeed, 1-MeAde acts at the oocyte surface to induce the in vitro maturation of immature starfish oocytes cultured in seawater. 25) Fig. 1. Hormonal control of oocyte maturation and demonstration of MPF. (A) In the endocrine control of oocyte maturation, starfish GSS (released from the nervous system) or frog GTH (released from the pituitary) functions as the first substance acting on ovarian follicles. The second substance, maturation-inducing hormone (starfish 1-MeAde or frog progesterone), is produced by and released from follicles, and acts on the oocyte surface. Based on these, a third substance that is responsible for oocyte maturation was hypothesized in the oocyte cytoplasm, and subsequently designated as maturation-promoting factor (MPF) upon its demonstration as shown in B. (B) MPF, the third substance, was demonstrated by cytoplasmic transfer from maturation-inducing hormone-treated maturing oocytes into untreated immature oocytes, which in turn undergo maturation (upper box). At the same time, the MPF activity was shown not to decrease through multiple successive transfers into immature oocytes in which de novo protein synthesis was prevented (lower box). This was called the "amplification" of MPF, implying that the inactive form of MPF is present in immature oocytes and that it can be autocatalytically activated by the active form of MPF. GV, germinal vesicle (oocyte nucleus).
1-MeAde was thus the first chemically identified bona fide MIH in metazoans. 26) This finding in starfish introduced to the field of reproductive endocrinology the novel concepts that gonadotropins indirectly regulate ovulation and oocyte maturation, and that ovarian follicles directly control these processes (Fig. 1A) .
In the late 1960s, the hormone progesterone was also found to induce oocyte maturation in frogs (Fig. 1A) .
27)-29) However, because various steroids produced downstream of LH shows MIS-like effects in vitro, 30) it was only four decades later that the physiological MIS of frogs was likely settled to be progesterone itself. 31) In any event, the discoveries of 1-MeAde and progesterone at the latter half of the 1960s opened the way towards in vitro studies on oocyte maturation using immature oocytes isolated from non-mammalian, invertebrate starfish and vertebrate frogs.
Maturation-promoting factor (MPF).
How then does 1-MeAde induce maturation in starfish oocytes? Because GSS from nervous systems and MIS/1-MeAde from ovarian follicles were regarded as the first and second substances, respectively, for the hormonal induction of oocyte maturation (Fig. 1A) , an emerging idea was that the cytoplasm of 1-MeAde-treated oocytes might contain a third key maturation-inducing molecule. 16) The necessity for an additional substance was dictated by the finding that microinjection of 1-MeAde into immature starfish oocytes failed to induce maturation. 25) The existence of the putative third substance, designated by Yoshio Masui as maturation-promoting factor (MPF), was first demonstrated in progesterone-treated frog oocytes (Fig. 1A) . 32 ), 33) My first successful research project in the Kanatani laboratory established that 1-MeAdetreated starfish oocytes also contain MPF as a transferable cytoplasmic activity. 34) That is, cytoplasm taken from 1-MeAde-treated donor oocytes induces maturation upon its microinjection into untreated immature recipient starfish oocytes (Fig. 1B, upper box) . The finding of MPF in both invertebrates and vertebrates brought into the field of reproductive endocrinology a new perspective that hormonal control of oocyte maturation is a cascade consisting of three successive substances: gonadotropins (first), MIS/MIH (second), and MPF (third) (Fig. 1A) . It should be noted, however, that in mammals the concept of MIS/MIH is replaced by a somewhat more complex system. 12), 35) 3. The cell biology of M-phase control 3.1. MPF is a universal inducer of M-phase. In the early 1970s, it appeared that the maturation induction systems in starfish and frogs might be different. For example, although progesterone was detectable in the starfish ovary, it was unable to induce oocyte maturation in this organism (see a review Ref. 17 ). Furthermore, it was already clear that the molecular nature of MIS/MIH in the two species was quite different. Of greatest importance here, it could not be assumed at the time that starfish MPF and frog MPF were related molecules, or even that MPF from one species would be effective in oocytes in the other species. However, in early 1978, we found that frog MPF can induce maturation in recipient starfish oocytes. 36) Thus, in contrast to the first and second substances (gonadotropins and MIS/MIH; see Fig. 1A ), cytoplasmic MPF activity in oocytes was shown to be cross-reactive between invertebrates and vertebrates.
This finding represented a turning point in studies on MPF. Shortly thereafter, MPF was detected in cleaving blastomeres (i.e., mitotic M-phase) of frog 37),38) and starfish; 36) in extracts of mammalian cultured somatic cells synchronized at M-phase; 36) , 39) in extracts of budding yeast cdc mutants that were arrested at M-phase; 40) , 41) and as a transferable cytoplasmic activity from mouse oocytes. 42) In every case, MPF was assayed as an activity that can induce the meiotic G2/M-phase transition upon microinjection into immature oocytes of frog or starfish. Taken collectively, these observations clarified that MPF is conserved across different species. Furthermore, these experiments established that MPF activity varies with respect to the cell cycle, being detectable only at M-phase during oocyte meiosis and somatic cell mitosis (for a review Ref. 43) .
In all of the above studies, MPF was demonstrated operationally by microinjection into immature oocytes, and to the best of my knowledge, even to the current date (2017) no study has reported the use of somatic cells as recipients of MPF injection. Nonetheless, earlier fusion experiments between mammalian somatic cells in M-phase and in other cell cycle phases implied that an activity equivalent to MPF must exist. 44) Furthermore, the microinjection of partially purified frog MPF induced nuclear envelope breakdown (NEBD; a hallmark of M-phase entry) in frog embryos arrested in a G2 phase-like state. 45) These observations supported the supposition that MPF can induce M-phase in somatic cell mitosis as well. Based on these findings, the concept emerged in the early 1980s that MPF is a universal inducer of Mphase in all eukaryotic cells, whether they are undergoing mitosis or meiosis. Hence, MPF was renamed from "maturation-promoting factor" to "M-phase promoting factor" with the same abbreviation. 46) Although its existence was first established in the field of reproductive endocrinology, MPF was soon recognized as a player key to M-phase control in the biology of all cells (for a review Ref. 43 47) Based on this observation, many laboratories tried to purify MPF from oocytes or somatic cells using microinjection into immature oocytes as a bioassy, but these efforts were unsuccessful for more than a decade because the material rapidly lost activity (e.g., Refs. [48] [49] [50] . Finally, Manfred Lohka in Jim Maller's laboratory successfully purified MPF biochemically from mature frog eggs by assaying fractions from conventional column chromatographies with frog egg cell-free extracts. 51) Purified frog MPF was comprised of two major proteins (32 and 45 kDa) that together exhibited kinase activity phosphorylating histone H1. Within two years, these 32 kDa and 45 kDa components were identified as a homolog of the fission yeast cdc2 gene product and cyclin B, respectively, leading to the conclusion that MPF is a histone H1 kinase that consists of the cyclin B-Cdc2 complex (see original papers Refs. 52-58 as representatives of many outstanding papers; for reviews Refs. [59] [60] [61] .
Great achievements in four separate research fields converged to generate the powerful paradigm that the evolutionarily conserved complex of kinase enzyme cyclin B-Cdc2 is MPF. These research fields were: (1) cell division cycle (cdc) mutant genes in the yeasts, 62) particularly fission yeast cdc2 and its human homolog; 63)-65) (2) cyclin protein, which was first found as a particular protein band on SDS-PAGE whose abundance cycled as a function of time after fertilization of sea urchin eggs, 66) the cDNA of which was first isolated from surf clam eggs; 67) (3) M phase-specific histone H1 kinase (growth-associated histone H1 kinase, or Ca 2D -and cyclic nucleotideindependent histone H1 kinase), derived from cultured mammalian cells 68) and starfish oocytes; 69) and (4) MPF, assayed in the microinjection studies described above.
Although the convergence of these ideas in 1988 was a monumental achievement in the history of cell reproduction research, Bill Dunphy and John Newport pointed out at that time that it was not yet clear "whether this single enzymatic activity is sufficient for fully competent MPF". 59) Certainly, the cyclin BCdc2 complex is the molecular identity of M phasespecific histone H1 kinase, and it is an indispensable component of MPF. However, because all the assays for MPF activity at the time of the convergence relied on the frog egg system so far as experimental data were presented, no data could prove the simple equation of the cyclin B-Cdc2 complex with the totality of MPF. Indeed, as will be discussed in a later section, studies performed in our laboratory on the intracellular regulation of cyclin B-Cdc2 activation at meiotic resumption in starfish oocytes established that despite its unquestioned importance, this crucial kinase is only one of the components of MPF (see Section 5: Reconsideration of MPF).
Regulation of cyclin B-Cdc2 activity.
Within 5 years after the identification of cyclin BCdc2, the outline of the regulatory mechanisms controlling its activity was clarified. This effort was led first by yeast genetics and then progressed largely through biochemical analyses in frog egg extracts. Core elements for the regulation at mitotic entry are the kinase Wee1/Myt1, which directly phosphorylates cyclin B-associated Cdc2, leading to its inhibition; and the phosphatase Cdc25, which directly dephosphorylates the sites on cyclin B-associated Cdc2 that were phosphorylated by Wee1/Myt1, leading to the activation of cyclin B-associated Cdc2 ( Fig. 2A ) (for a review Ref. 70) . At the G2/ M-phase border, the balance between the activities of Wee1/Myt1 and Cdc25 is inclined to the inhibitory phosphorylation of Cdc2, thereby maintaining cyclin B-Cdc2 in an inactive state until before the cell is ready to enter M-phase.
At the onset of M-phase, the balance of activities between Wee1/Myt1 and Cdc25 is reversed in two ways ( Fig. 2A) . First, cyclin B-Cdc2-independent upstream signaling (designated here as the "initial activator") reverses the balance just enough to trigger activation of a small population of cyclin B-Cdc2. Subsequently, this small amount of active cyclin B-Cdc2 starts an autoregulatory activation loop, in which active cyclin B-Cdc2 directly phosphorylates and thus activates Cdc25, while the cyclin B-Cdc2 kinase simultaneously phosphorylates and thus inactivates Wee1/Myt1. This autoregulatory loop swiftly and robustly leads to the activation of a much larger population of cyclin B-Cdc2 (for reviews Refs. [70] [71] [72] [73] . Although the molecular identity of the initial activator is different in different circumstances (discussed in Section 4.2.1 below), the mechanism for the autoregulatory activation loop is well conserved (see Section 5.2).
At the exit from M-phase, ubiquitin-dependent degradation of cyclin B inactivates cyclin B-Cdc2 74) ( Fig. 2B ) (for a review Ref. 75 ). Cyclin B degradation is a multistep process involving the participation of the anaphase-promoting complex/cyclosome associated with Cdc20 (APC/C-Cdc20), an E3 ligase that poly-ubiquitinylates cyclin B, and the subsequent proteolysis of poly-ubiquitinated cyclin B by the proteasome. The poly-ubiquitination first occurs on cyclin B that is associated with Cdc2. The regulatory 19S subcomplex of the 26S proteasome dissociates cyclin B from Cdc2, 76) and finally cyclin B alone is proteolysed by the core 20S proteasome subcomplex. Because the poly-ubiquitination activity of the APC/ C-Cdc20 requires its multiple phosphorylation by cyclin B-Cdc2 and subsequently, this activation inevitably leads to cyclin B-Cdc2 inactivation, the activation of cyclin B-Cdc2 can be said to be selfterminating. This insight explains one of the major reasons why the cell cycle is indeed a cycle.
3.4. The principle of cell cycle control in eukaryotic cells. At the end of the 20th century, the principle was established that cell cycle control in eukaryotic cells is composed both of the cell cycle engine and the checkpoints. 4 ), 77) The concept of the cell cycle engine emerged from the finding that several types of cyclins, in addition to the B-type, comprise a protein family. The cyclin-dependent kinases (Cdks) in higher eukaryotic cells similarly compose a family of proteins related to Cdc2 (which was hence renamed as Cdk1; see Ref. 78) . The cell cycle engine operates through cyclic changes in the activities of a class of protein kinases that form as complexes of particular cyclins with particular Cdks, and each such kinase determines the onset of distinct cell cycle phases. Typically, the prototype cyclin BCdk1 (previous cyclin B-Cdc2) governs M-phase, while cyclin D-Cdk4/6 is implicated in G1-phase, cyclin E/A-Cdk2 in S-phase, and cyclin A-Cdk1 in G2-phase (for reviews Refs. 79, 80). 78) (A) At the G2/M-phase border, Myt1/ Wee1 (which phosphorylates cyclin B-associated Cdk1 on Thr14 and Tyr15 for inhibition) surpasses Cdc25 (which dephosphorylates cyclin B-associated Cdk1 on the sites phosphorylated by Myt1/Wee1 for activation), and accordingly, cyclin B-Cdk1 remains in an inactive form, in which all three sites on Cdk1 are phosphorylated (indicated by the circled P). At the transition into M-phase, the initial activator (which is different depending on the cell type) first tips the balance between Myt1/Wee1 and Cdc25 activities to trigger the initial activation of cyclin B-Cdk1. Subsequently, active cyclin B-Cdk1 directly phosphorylates Cdc25 and Myt1/Wee1 for activation and inhibition, respectively, and hence the Myt1/Wee1-Cdc25 balance is further reversed via an autoactivation loop, leading to the robust and full autoregulatory activation of cyclin B-Cdk1. Details on the autoactivation loop are shown in Fig. 9 . (B) At exit from M-phase, active cyclin B-Cdk1 activates an E3 ligase, the anaphase-promoting complex/cyclosome (APC/C), leading to poly-ubiquitination of Cdk1-associated cyclin B. Subsequently, the proteasome recognizes the poly-ubiquitin chain, dissociates polyubiquitinated cyclin B from Cdk1, and then proteolyses cyclin B, resulting in inactivation of cyclin B-Cdk1. U, ubiquitin; E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme.
The second key aspect of cell cycle control is the concept of checkpoints, which was first proposed by Lee Hartwell. 81) Checkpoints are defect-responsive negative feedback controls that detect issues such as DNA damage and then promote the correction of these defects; checkpoints coordinate cell cycle progression so that early events are completed before the start of later events. The order of cell cycle events is thus ensured so that DNA replication precedes entry into mitosis and chromosomal alignment on the metaphase plate of the mitotic spindle precedes sister chromatid segregation (for reviews Refs. 82, 83) .
The discovery and characterization of MPF derived from oocyte maturation was a major contributor to the development of this paradigm for cell cycle control composed of a cyclin-Cdk-based engine that is coordinated by checkpoints, although of course many other lines of research have also converged in the formulation of this important principle.
Meiotic cell cycle control in starfish oocytes
The concept of a cell cycle engine based on cyclin-dependent kinases prompted us to ask several basic questions about how this engine functions during the meiotic cell cycle in oocytes. How do oocytes modulate cyclin B-Cdk1 activity to achieve the unique events that occur within these specialized cells: the meiotic G2/M-phase transition, the meiosis I to II transition, and the second meiotic arrest? The starfish oocyte system has proven to be extremely effective in uncovering the molecular basis for these events, that is conserved in metazoan oocytes.
Dynamics of cell cycle regulators through meiotic maturation and early cleavages.
In starfish, 1-MeAde induces immature, previously arrested oocytes to undergo the meiotic G2/M-phase transition. This step, which is hallmarked by germinal vesicle breakdown (GVBD; equivalent to nuclear envelope breakdown or NEBD in somatic cells), occurs with no requirement of new protein synthesis. Thereafter, the meiotic cell cycle proceeds in vitro in the absence of fertilization through the completion of meiosis I and II, resulting in the formation of mature haploid eggs arrested at the G1-phase (also called the female pronucleus stage) (Fig. 3A) . Once fertilization occurs, this second arrest is released, and the embryonic mitotic cycle initiates.
To provide the necessary background, our laboratory first described the dynamics of key cell cycle regulators in starfish oocytes and eggs (Fig. 3B-D ). For this, we isolated the cDNAs of starfish homologs of these cell cycle proteins and raised Fortunately, the suite of starfish cell cycle regulators is simpler than that of many other organisms because starfish characteristically do not have multiple subtypes of these molecules (e.g., cyclin B1 and B2, or Cdc25A, B, and C in mammals), thereby simplifying the analysis. These regulators can be categorized into two groups. The first group consists of proteins expressed in G2 phase-arrested immature starfish oocytes, and includes cyclin B, Cdk1, Cdc25, Myt1, Plk1, Aurora, Gwl, mitogenactivated protein kinase (MAPK), 97) Cdc6, and Cdc45. With the exception of cyclin B, whose amount varies cyclically according to the cell cycle stage, the levels of all the other proteins in this group do not change throughout meiotic maturation. The other group consists of proteins that are undetectable in G2 phase-arrested immature oocytes and, therefore, must be newly synthesized after meiotic resumption. Mos protein accumulates immediately after GVBD, but others such as cyclin A, cyclin E, Cdk2, and Wee1 start to accumulate later at the end of meiosis I.
The cyclin B-Cdk1 complex is already present in G2 phase-arrested immature oocytes, and its activity cycles so that it peaks at each metaphase (Fig. 3B) . The activities of the cyclin B-Cdk1 positive regulators (Cdc25, Plk1, Aur, and Gwl) cycle essentially in parallel with that of cyclin B-Cdk1, whereas the activities of the negative regulators (Myt1 and Wee1) are mirror images of the cyclin B-Cdk1 pattern (Fig. 3C, D) . However, the features most characteristic of the meiotic cell cycle are that activities of Plk1 and Cdc25 remain high while Myt1 activity remains low at the ends of both meiosis I and II (namely, all three of these proteins remain phosphorylated), even though cyclin B-Cdk1 loses its activity at these times. It should be noted that these behaviors of Plk1, Cdc25, and Myt1 parallel the activity of MAPK, which is activated downstream of Mos.
Meiotic resumption.
4.2.1. Hormonal signaling that leads to cyclin B-Cdk1 activation. Figure 2A illustrates the importance of the "initial activator" in triggering the cyclin B-Cdk1 activation process. In the somatic cells of higher eukaryotes, Aurora A, Plk1, cyclin A-Cdk1/2 and Cdc25B may all be involved in tipping the balance between Wee1/Myt1 and Cdc25 activities (for a review Ref. 79) , and redundant or stochastic processes involving these proteins may in some uncharacterized fashion serve as the trigger (for reviews Refs. 71, 73). The major reason for the difficulty in identifying the initial activator is that cell cycle progression in proliferating somatic cells is essentially autonomous. By contrast, extracellular MIH controls the G2/ M-phase transition in oocytes, and hence the initial activator may be identified at meiotic resumption.
The starfish oocyte represents a unique system in which the initial activator is in fact characterized (Fig. 4) . At meiotic resumption, this trigger cannot require activation of Plk1, 90) Aurora, 92) or MAPK, 97) because all of these enzyme activities are absolutely downstream of, and not required for, cyclin B-Cdk1 activation. Eventually, we identified the initial activator in starfish oocytes as the kinase Akt/PKB (Fig. 4) . 89 ) Akt/PKB is activated downstream of 1-MeAde in a cyclin B-Cdk1-independent fashion, as expected from our previous studies. 88) Akt/PKB directly phosphorylates both Cdc25 and Myt1 to reverse the balance of their activities, resulting in the net removal of inhibitory phosphorylations on Cdk1 (for reviews Refs. 10, 13). Thereafter, as will be addressed in Section 5.2, cyclin B-Cdk1 is further activated via the autoactivation loop as in somatic cells ( Figs. 2A and 4) .
How does 1-MeAde induce the activation of Akt/PKB? Through its putative G protein-coupled receptor (GPCR) localized on the oocyte surface, 25 ) ,98) 1-MeAde stimulates the dissociation of the heterotrimeric G protein consisting of the G,(i)O. complex into the GO. complex and G,(i). 99 ),100) The GO. complex then activates phosphoinositide 3-kinase (PI3K) to generate phosphatidylinositol 3,4,5-triphosphate (PIP3) at the plasma membrane. 101) In a PIP3-dependent manner, Akt/PKB is phosphorylated by phosphoinositide-dependent kinase 1 (PDK1) on its activation loop 95) and by target of rapamycin complex 2 (TORC2; or PDK2) on its C-terminal hydrophobic motif. 96) These two kinds of phosphorylation lead to Akt/PKB activation (Fig. 4) . Thus, meiotic resumption in starfish oocytes now represents a model in which the signal trans-duction pathway that links extracellular maturationinducing hormone to the intracellular cell cycle regulators is characterized at least to some extent.
Emerging pathways involved in cyclin BCdk1 activation.
We have recently uncovered other pathways that may also lead from 1-MeAde towards the initial activation of cyclin B-Cdk1 at meiotic resumption. One of these mechanisms likely works in parallel with the Akt/PKB signaling pathway (Fig. 4) , while the other may set a threshold for the activation of cyclin B-Cdk1. 102) Daisaku Hiraoka in my lab found that a GO. mutant, which was unable to activate PI3K (and hence Akt/PKB), enhanced the constitutively active PI3K-dependent initial phosphorylation of Cdc25 and Myt1 on residues phosphorylated by Akt/ PKB. 102) Considering that several AGC kinases (a subgroup of Ser/Thr protein kinases that are related to cyclic adenosine monophosphate (cAMP)-dependent protein kinase A [PKA], protein kinase G [PKG] , and protein kinase C [PKC]) which are activated downstream of PI3K (for reviews Refs. 103, 104) have overlapping target consensus sequences, it is possible that Akt/PKB and another unidentified kinase, whose activation depends on both PI3K and the GO. mutant, cooperatively induce the initial phosphorylation of Cdc25 and Myt1 (Fig. 4) . 102) Evidence for the existence of yet another pathway leading from 1-MeAde was our recent surprising finding that sub-threshold doses of 1-MeAde can transiently activate cyclin B-Cdk1, presumably via activation of the putative cell surface receptor and associated intracellular signaling pathway. The partially activated cyclin B-Cdk1 triggers negative feedback to induce the dephosphorylation of Cdc25 and Myt1 on the residues phosphorylated by Akt/ PKB, inactivating this pool of cyclin B-Cdk1 and cancelling the sub-threshold noise signal.
102) The Fig. 4 . Signaling pathway leading to the activation of cyclin B-Cdk1 at the meiotic G2/M-phase transition in starfish oocytes. This pathway consists of the initial activation of cyclin B-Cdk1 and its subsequent autoregulatory activation, as shown in Fig. 2A . The initial activation pathway may be characteristic of the starfish oocyte system, whereas the autoregulatory activation pathway is largely conserved. The putative 1-MeAde receptor on the oocyte surface couples with heterotrimeric G-protein, from which the GO. complex is released to cause the initial activation of cyclin B-Cdk1 via two parallel pathways. In one pathway, GO. activates phosphoinositide 3-kinase (PI3K) to produce phosphatidylinositol 3,4,5-triphosphate (PIP3), depending on which Akt/protein kinase B (PKB) is activated. Akt/PKB directly phosphorylates Myt1 and Cdc25 for downregulation and upregulation, respectively. In the other pathway, GO. along with PI3K contributes, via unknown molecule(s), to the phosphorylation of Cdc25 and Myt1 on residues phosphorylated by Akt/PKB (Akt/PKB sites). These initial phosphorylations on the Akt/PKB sites, which are accomplished by possible cooperation of these two pathways, tip and reverse the balance between Cdc25 and Myt1 activities, leading to activation of a small population of cyclin B-Cdk1. The autoactivation loop then starts the activation of a much larger population of cyclin B-Cdk1 (see Fig. 9 for details). In the autoregulatory activation, Cdc25 and Myt1 are directly phosphorylated largely by cyclin B-Cdk1 (Cdk1 sites).
T. KISHIMOTO [Vol. 94,molecular identity of the phosphatase involved in this cyclin B-Cdk1-dependent negative feedback remains unknown.
We assume that 1-MeAde dose-dependent competition exists between the cyclin B-Cdk1-dependent negative feedback loop and the two parallel signaling pathways that function downstream of GO. and lead to the initial phosphorylation of Cdc25 and Myt1. The point at which the latter two pathways becomes predominant over the negative feedback loop likely constitutes the threshold for the 1-MeAde dose. At supra-threshold doses of 1-MeAde, sufficient active cyclin B-Cdk1 accumulates to start the autoregulatory activation loop, leading to full activation of cyclin B-Cdk1.
4.3.
The meiosis I to II transition. 4.3.1. The Mos-MAPK pathway. We have shown that subsequent to meiotic resumption, both the transition from meiosis I to II and the subsequent arrest at G1-phase in starfish oocytes are regulated by the same molecular module, the Mos-MAPK signaling pathway (Fig. 5) .
After the 1-MeAde stimulus, cyclin B-Cdk1 induces de novo synthesis and accumulation of Mos (also known as MAPK kinase kinase/MAPKKK), which in turn activates MEK (or MAPK kinase/ MAPKK), MAPK, and its immediate downstream target Rsk (p90 ribosomal S6 kinase, p90 Rsk ).
91),97),105)
Thereafter, the Mos-MAPK-Rsk pathway remains activated even after completion of the meiotic cell cycle, unless fertilization occurs (Fig. 3C ). Upon fertilization, Mos is degraded and hence the Mos-MAPK-Rsk pathway is shut down, initiating the alternating S-and M-phases of the embryonic mitotic cycles. Consistent with this scheme, if meiosis resumes while the Mos-MAPK-Rsk pathway is suppressed, DNA replication (S-phase) occurs immediately after meiosis I, and the embryonic mitotic cycle initiates in the absence of fertilization, as if parthenogenesis occurred.
These findings demonstrated that although starfish oocytes at the end of meiosis I can enter the embryonic mitotic cycle, the Mos-MAPK-Rsk pathway represses this ability, forcing entry into meiosis II without an S-phase. Mos-MAPK-Rsk further prevents return to the embryonic mitotic cycle after the completion of meiosis II until Mos is degraded at fertilization (Fig. 5) (for a review Ref. 10 ). Overall, the Mos-MAPK pathway both promotes the meiosis I to II transition and inhibits the subsequent meiosis to mitosis transition.
Meiosis I to II transition-specific regulation
for cyclin B-Cdk1 activation. The skipping of S-phase during the meiosis I to II transition requires that cyclin B-Cdk1 is immediately activated after exit from meiosis I.
106)-108) The Mos-MAPK-Rsk pathway accomplishes this task by maintaining Myt1 inactive and Cdc25 active on exit from meiosis I. Rsk directly phosphorylates Myt1 and Cdc25, leading to decreased inhibitory Tyr phosphorylation of Cdk1. Secondarily, MAPK, along with cyclin B-Cdk1 that has residual activity upon exit from meiosis I, and the newly assembled cyclin A-Cdk1 that has emerging activity upon entry into meiosis II, together maintain Plk1 activity, which in turn keeps Myt1 suppressed and Cdc25 activated. 90) Thus, several processes work together to ensure the activation of newly assembled cyclin B-Cdk1 at entry into meiosis II (see Fig. 3 
G1-phase arrest.
4.4.1. Dual-lock to the start of the embryonic mitotic cycle. How does the Mos-MAPK pathway prevent the start of the embryonic mitotic cell cycle in unfertilized mature starfish eggs at G1-phase, given that these eggs lack a functional cell cycle checkpoint that could block cell cycle progression? 109) We proposed a novel duallock model for G1-phase arrest (Fig. 6) , in which the pathways functioning downstream of MAPK from meiosis I to II to prevent parthenogenetic activation in starfish oocytes. At the end of meiosis I, the oocyte already has the ability to enter the embryonic mitotic cycle in the absence of fertilization (i.e., parthenogenesis). Mos-MAPK signaling, however, represses this ability in two ways. First, at the end of meiosis I, Mos-MAPK signaling causes swift activation of cyclin B-Cdk1 to force entry into meiosis II without an intervening S-phase. Subsequently, Mos-MAPK signaling prevents return to the embryonic mitotic cycle after the completion of meiosis II, resulting in the suppression of parthenogenesis. Once fertilization occurs, this prevention is cancelled, leading to the start of the embryonic mitotic cycle. Thus, Mos-MAPK signaling halves the ploidy and maintains the haploid state of oocytes until fertilization.
diverge to block the start of the embryonic mitotic cycle. 110) A Rsk-dependent pathway prevents entry into S-phase, while a Rsk-independent pathway prevents entry into the first mitotic M-phase. Consistent with this model, in G1 phase-arrested starfish eggs, inactivation of Rsk initiated S-phase, but M-phase did not follow when MAPK remained active. By contrast, MAPK inactivation initiated M-phase, even when S-phase was inhibited by constitutively active Rsk. 105 ),110) Fertilization induces Mos degradation, thus releasing the dual-lock and initiating the embryonic mitotic cycle. Insofar as we know, this is the first demonstration showing that the Mos-MAPK cascade separates into Rsk-dependent and Rsk-independent pathways to arrest the cell cycle.
4.4.2.
Rsk as a regulator of the replication machinery. When G1 phase-arrested mature starfish eggs are fertilized, the initial S-phase preceding the first mitotic division does not require de novo protein synthesis, implying that all elements needed for DNA replication are already available in the unfertilized mature eggs. In eukaryotic cells, initiation of DNA replication is controlled by the strictly ordered assembly of various protein complexes onto the replication origins (for a review Ref. 111). However, the literature provided no information about the stage at which the initiation complex for DNA replication is arrested in unfertilized G1 phasearrested eggs. We thus wanted to clarify when during replication complex assembly Rsk arrests starfish eggs. We eventually defined the arrest stage as the transition point from the pre-RC (the pre-replicative complex) to the pre-IC (the pre-initiation complex) (Fig. 6, left) ; 87) in other words, chromatin is already loaded with the Mcm complex in G1 phase-arrested eggs. Rsk inactivation is necessary and sufficient for the further loading of Cdc45 onto chromatin, a step that supports the formation of the pre-IC and the subsequent initiation of DNA replication.
Our findings constituted the first description of the state of the DNA replication machinery in unfertilized mature eggs arrested at G1-phase. Our results further established a novel role for Rsk as a negative regulator of the pre-RC to pre-IC transition, although the direct target of Rsk has yet to be identified. Notably, the initiation of DNA replication in somatic cells is also regulated at the pre-RC stage by the G1 checkpoint, 112) although that form of regulation is independent of Rsk.
MAPK as an inhibitor of cyclin synthesis.
In contrast with S-phase, the start of the embryonic M-phase requires the synthesis of proteins such as cyclins A and B; the reason is that translation of these proteins is repressed downstream of MAPK in G1 phase-arrested starfish eggs (Fig. 6, right) .
110) It remains unclear how MAPK suppresses translation initiation, but this process likely occurs after poly(A) tail elongation, because no further elongation of cyclin A and B mRNAs is detectable after release from G1 phase-arrest. 110) Once fertilization releases the MAPK-dependent suppression, each cyclin accumulates and associates with Cdk1. Cyclin A-Cdk1 becomes active without inhibitory phosphorylation of Cdk1 by Wee1 and Myt1, but cyclin B-Cdk1 remains inactive due to this inhibitory phosphorylation. The active cyclin A-Cdk1 then inactivates Wee1 and Myt1 via Plk1, leading to the activation of cyclin B-Cdk1 and entry into the first embryonic M-phase (Fig. 6, right) . 86 ),90), 113) Curiously, the synthesis of cyclins A and B occurs upon entry into meiosis II and continues until metaphase of meiosis II, 86),91),114) while cyclin synthesis is then repressed during G1-phase arrest. It currently appears paradoxical that both meiosis II synthesis and G1-phase repression depend on MAPK, which is fully active throughout these periods. Further studies are needed to clarify how the effect of MAPK is reversed at completion of meiosis II. In mouse oocytes arrested at meiotic G2-phase, cAMP is produced downstream of the constitutively active Gs-coupled orphan receptor (GPR3) present at the oocyte surface, 118) whereas phosphodiesterase (PDE3A), which hydrolyses cAMP, is inhibited by cyclic guanosine monophosphate (cGMP) which is produced in the surrounding follicular cells (cumulus granulosa cells) and passes into the oocyte through gap junctions 119) (for a review Ref. 35 ). Both mechanisms produce high levels of cAMP, thereby activating PKA, which then phosphorylates both Cdc25B for downregulation and Wee1B for upregulation to maintain the G2-phase arrest, because cyclin B1-Cdk1 is already present at sufficient levels for meiotic resumption (for reviews Refs. 116, 120) .
To stimulate meiotic resumption in mammalian oocytes, the LH surge in large part decreases the production of cGMP by guanylyl cyclase (NPR2) in granulosa cells, which decreases the supply of cGMP to the oocyte 121) (for a review Ref. 35) . Reduced level of cGMP in turn increases cAMP hydrolysis by PDE3. Consequently, PKA is downregulated and both Cdc25B and Wee1B are dephosphorylated on their PKA target sites, possibly by protein phosphatase 1 (PP1), resulting in the initial activation of pre-existing cyclin B1-Cdk1 (for a review Ref. 116 ). Once cAMP levels decrease, no de novo protein synthesis is required for cyclin B1-Cdk1 activation until pro-metaphase. 122) In frog oocytes, there is some evidence that as in mammals a GPR3-related GPCR participates in maintaining meiotic G2-phase arrest by producing cAMP (see Ref. 123) ; however, the critical target(s) of PKA remain elusive (see Refs. 124, 125) . For meiotic resumption, PKA downregulation is most likely necessary and sufficient, 115) but one recent report even has asserted that release from the G2-phase arrest is independent of PKA activity. 123) In any case, after progesterone stimulation, new protein synthesis either of Mos or cyclin B1 is needed to initially activate the pre-existing cyclin B2-Cdk1.
126)-128) The newly assembled cyclin B1-Cdk1, which escapes inhibition by Myt1, likely triggers the initial activation of cyclin B2-Cdk1 through inactivating phosphorylation of Myt1. 30 ),129) The Mos-MAPK pathway then cooperatively promotes the initial activation of cyclin B2-Cdk1 through activating phosphorylation of Cdc25. 30),129) Thereafter, much a larger population of cyclin B2-Cdk1 is activated through the conserved autoregulatory activation loop (see below). However, the molecular link from progesterone to de novo protein synthesis of Mos and cyclin B1 remains unclear. 30) It is thus clear that the mechanisms of meiotic resumption vary considerably in starfish, frog, and mouse oocytes. Different signals (1-MeAde, progesterone, cGMP) come from outside of the oocyte (see Fig. 1A ). The signaling pathways inside the oocytes are also diverse; in starfish these pathways center positively on phosphorylation of the Akt/PKB target sites, while in mice and probably frogs PKA is the major negative mediator. Different events downstream of these kinases, such as the synthesis of cyclins and Mos, or the dephosphorylation/phosphorylation of Cdk regulatory enzymes, may assume more importance in some species than others. Regardless of these many differences, it must be remembered that the hormonal signaling processes in these various species all share the same final effector, cyclin B-Cdk1.
4.5.2.
Conserved roles for the Mos-MAPK pathway. Mos, originally identified as the product of the c-mos proto-oncogene, is expressed specifically during meiotic maturation in vertebrate oocytes. 130 ), 131) Although Mos was initially thought to be expressed in vertebrates only, our finding of the first invertebrate Mos in starfish 91) prompted subsequent phylogenetic surveys. These found that mos genes are conserved but restricted to metazoans, namely from Cnidaria to Chordata, with the exception of Porifera (sponges) and Nematoda (Caenorhabditis elegans) (for a review Ref. 14). 132) Another exception is fruit fly (Drosophila) mos, which is highly divergent compared with other metazoan mos and is not essential for meiosis. 133) Based on extensive studies in Xenopus oocytes, Noriyuki Sagata proposed three separate roles for the Mos-MAPK pathway in meiotic cell cycle control: 9) First, Mos is the initial activator of cyclin B-Cdk1 at meiotic resumption; 126),134) second, it governs the meiosis I to II transition; 106) and third, it acts as the so-called cytostatic factor/CSF, 32) which ensures meta-II arrest until release by fertilization 135) (for a review Ref. 136) . In each of these instances, Mos activity is mediated by MAPK. However, the first of these proposed roles for the Mos-MAPK pathway (as the initial activator for cyclin B-Cdk1) is not conserved in the oocytes of mice and most of invertebrates including starfish (for reviews Refs. 14, 137), and it does not appear to be valid even in frog oocytes. 127 ), 128) By contrast, the second role for the Mos-MAPK pathway (as the coordinator of the meiosis I to II transition) is most likely conserved throughout metazoans (Fig. 7) (for reviews Refs. 9, 10, 14, 137), at least in terms of the action of the downstream kinase MAPK. In addition to detailed studies in starfish, ascidians, and frogs, MAPK remains active during the meiosis I to II transitions in all organisms examined so far (including Spisula, Urechis, and sea cucumber).
With regard to the third role for Mos, the molecular mechanism responsible for the meta-II arrest in frog oocytes is now well understood (for a review Ref. 138 ). Its central effector molecule is an APC/C inhibitor, Emi1-related protein 1 (Erp1, or so-called Emi2). 139) Downstream of the Mos-MAPK pathway, Rsk directly phosphorylates Erp1, whose stability and inhibitory activity on the APC/C are in turn increased. The result is that cyclin B-Cdk1 activity is maintained at an elevated level to allow for meta-II arrest.
140)-143) Upon fertilization, the released Ca 2D activates CaMK-II to phosphorylate Erp1, thereby facilitating its subsequent phosphorylation by Plk1. Phosphorylated Erp1 then undergoes SCFdependent degradation, and the APC/C is released from its inhibition, leading to the exit from meta-II arrest.
144),145) Of note, these observations indicate that Mos degradation is not essential for the exit from meta-II arrest.
The second meiotic arrest, which maintains maturing/mature oocytes in a resting stage prior to fertilization, occurs at different stages in different organisms. Our own studies demonstrated that, as mentioned above, the same Mos-MAPK module participates in the G1 arrest in starfish oocytes. Later studies in oocytes from various metazoans including ascidians, sawflies, and jellyfish revealed that the Mos-MAPK pathway is involved in all second meiotic arrests, whether they occur during meta-I, meta-II, or G1-phase (detailed in Refs. 14, 137). To reconcile these findings, we proposed the idea that "rewiring" occurs downstream of the Mos-MAPK core module to define the specificity of the stage of the second arrest (Fig. 7) . 14) The fact that the Mos-MAPK pathway is generally inactivated after fertilization presents a fascinating conundrum for organisms whose oocytes undergo meta-I arrest: how can the Mos-MAPK pathway accomplish the meiosis I to II transition even in these species (see Fig. 7 )? To address this question, starfish oocytes have again provided an interesting clue. Starfish oocytes can be fertilized in vitro throughout meiotic maturation. Regardless of the timing of fertilization, however, the Mos-MAPK pathway remained active until oocytes reached meiosis II and then it was shut down, as if the "signal" for Mos degradation was "memorized" but not executed until completion of the meiosis I to II transition. 97) Further studies are needed to clarify the molecular mechanisms corresponding to this hypothetical "signal" and the preservation of its "memory".
An integrated view of meiotic cell cycle control.
The meiotic cell cycle, which produces haploid genomes, requires the cooperation of diverse and conserved modules (Fig. 7) . After a hormonal stimulus, diverse pathways lead to the initial activation of cyclin B-Cdk1 at meiotic resumption in oocytes, depending on the animal species. In all cases, the Mos-MAPK pathway is then activated downstream of cyclin B-Cdk1. The Mos-MAPK pathway facilitates and coordinates entry into meiosis II by activating cyclin B-Cdk1 so swiftly that S-phase is avoided. Diverse circuitry downstream of the Mos-MAPK pathway is responsible for the second meiotic arrest at different organismdependent stages until fertilization. Thus, the Mos-MAPK pathway is central to the half-reduction of genomic ploidy in oocytes: It alters the mitotic cell cycle to the meiotic cell cycle and it also prevents the meiosis-to-mitosis transition. Although it has long been generally accepted that MPF and cyclin B-Cdk1 are synonymous terms, some of our early observations in starfish oocytes suggested that the situation might be more complicated. 146) In particular, we noticed in 1976 that MPF is undetectable from enucleated oocytes treated with 1-MeAde. But consistently, MPF was restored when nuclear material was added (Fig. 8A) . 147) These observations in starfish (later confirmed by another group 148) ) contrasted significantly to the situation in frogs, 32) where MPF is detectable from enucleated as well as nucleated oocytes after progesterone treatment. At least in starfish oocytes, however, it appeared that MPF requires a nuclear factor(s).
The enigma arose later, after findings in many systems suggested that MPF is cyclin B-Cdk1. Surprisingly, we demonstrated that cyclin B-Cdk1 is localized specifically in the cytoplasm of immature starfish oocytes arrested at G2 phase. 85) We also verified on this occasion that cyclin B-Cdk1, which can be measured as histone H1 kinase activity, is activated fully and invariably, even in enucleated starfish oocytes exposed to 1-MeAde (see also Refs. 93, 149) . Thus, in starfish oocytes full activation of cyclin B-Cdk1 does not require the nucleus but full activation of MPF does. These observations indicated that MPF and cyclin B-Cdk1/M phasespecific histone H1 kinase are not synonymous at least in starfish oocytes, and that MPF consists of cyclin B-Cdk1 and (an) unidentified nuclear factor(s). Therefore, a true understanding of MPF clearly requires identification of its nuclear component(s).
5.2.
Amplification of MPF and autoregulatory activation of cyclin B-Cdk1. In retrospect, a clue towards solving the enigma that MPF does not equate to cyclin B-Cdk1 can be found in the first demonstrations of MPF in the oocytes of frogs 32) and starfish: 34) Intriguingly, in the absence of de novo protein synthesis, the MPF activity contained in the cytoplasm of mature oocytes did not decrease even after its serial transfer into immature oocytes (Fig. 1B, lower box) . This observation implies that inactive MPF is present in immature oocytes and that it can be activated by active MPF, although the initial activation of MPF solely depends on maturation-inducing hormonal signaling. This autocatalytic activation property of MPF was designated as "amplification" by Masui.
32) Based on enucleation experiments, we suggested that nuclear factor(s) is required for the amplification of MPF in starfish oocytes. 147) However, for nearly three decades, our efforts to find its molecular identity were unsuccessful.
The amplification/autocatalytic activation of MPF appeared to be highly analogous to the autoregulatory activation of cyclin B-Cdk1 ( Fig. 2A) . Although it was found soon after the identification of cyclin B-Cdk1, it took more than one and a half decades to clarify molecular components involved in the autoactivation loop, because the underlying process is complicated even though it is highly conserved (Fig. 9) . A major obstacle is that the cyclin B-Cdk1 autoactivation loop includes an antagonizing action against PP2A-B55, 150)-152) which counteracts the phosphorylation of Cdc25 and Wee1/Myt1 by cyclin B-Cdk1 (for reviews Refs. 73, 153, 154) . A key element involved in turning off PP2A-B55 is Arpp19 or its close relative ,-endosulfine (Ensa). Both proteins are directly phosphorylated and activated by Gwl, 155),156) whereas this Gwlmediated effect can be opposed by PP2A-B55. 157) Gwl was first identified in the fruit fly Drosophila as a nuclear protein required for proper chromosome condensation and M-phase progression.
158),159) It was subsequently shown to participate in the autoregulatory activation of cyclin B-Cdk1. 160) Activation of Gwl depends on its direct phosphorylation by cyclin B-Cdk1 and its subsequent autophosphorylation. 161) These two Gwl activation steps are opposed by PP2A-B55 and by PP1, 162) whereas PP1 is directly phosphorylated and inactivated by cyclin B-Cdk1. 163) Cyclin B-Cdk1 can also block PP2A-B55 through an alternative pathway that bypasses Gwl. Here, cyclin B-Cdk1 directly phosphorylates Arpp19 on a conserved site that is different from the one targeted by Gwl but that also leads (somewhat more weakly) to the inhibition of PP2A-B55.
94) The cyclin B-Cdk1-Arpp19 bypass might start the autoactivation loop immediately after the initial activation of cyclin B-Cdk1. Subsequently, the cyclin B-Cdk1-Gwl-Arpp19/Ensa pathway would act synergistically to autoactivate cyclin B-Cdk1. In this way, cyclin B-Cdk1-driven phosphorylation of Cdc25 and Myt1/Wee1 can be maintained to attain swift, robust, and complete activation of cyclin B-Cdk1 (Fig. 9) . Thus, mitotic protein phosphorylation in vivo requires not only activation of the appropriate kinase but also inhibition of the antagonizing phosphatase. 164 ), 165) 5.3. A solution: MPF is comprised of cyclin B-Cdk1 and Gwl. The events described above are well conserved in starfish oocytes, with the exception that Arpp19 is present but Ensa is not. Of particular interest to us, Gwl is localized in the nucleus of immature oocytes arrested at G2-phase, and it is activated immediately after cyclin B-Cdk1 activation at meiotic resumption (Fig. 3) , whereas Arpp19 is largely cytoplasmic. 93), 94) We thus hypothesized that Gwl may be the nuclear component of MPF. Consistent with this idea, a previous study suggested that okadaic acid, an inhibitor of PP2A and PP1, mimics the nuclear factor. 166) To verify this hypothesis, we raised an antibody against starfish Gwl that inhibits its kinase activity and, accordingly, its activation as well, and we developed a method that allows entry of the antibody into the nucleus after its introduction into the cytoplasm. 93) Using this approach, we demonstrated that MPF is undetectable from starfish oocytes in which Gwl activity is inhibited, even when the oocytes possess a nucleus and cyclin B-Cdk1 is fully activated by 1-MeAde treatment. By contrast, the introduction of recombinant Gwl into 1-MeAde-treated enucleated starfish oocytes restored MPF (Fig. 8B) . We concluded that Gwl is the decades-long-unknown nuclear factor required for MPF; in other words, MPF is composed of both cyclin B-Cdk1 and Gwl (Fig. 9) . 93) Our findings clarified a puzzling observation we made more than 20 years ago that contradicted the simple equating of purified cyclin B-Cdk1 with MPF. How then does Gwl function as a component of MPF? We had found that to induce the meiotic G2/M-phase transition by injection into immature starfish oocytes, purified cyclin B-Cdk1 needed to be added in approximately ten-fold excess to that present in the minimal amount of donor cytoplasmic MPF that could induce the transition (Figs. 1B  and 8C ). 88),93) However, the addition of Gwl reduces the required activity of purified cyclin B-Cdk1 in the injection assay to approximately that present in cytoplasmic MPF (Fig. 8D) . 93) Of note, this reduction by Gwl has a physiological function beyond its contribution to cyclin B-Cdk1 activation. Although as just mentioned a ten-fold excess of purified cyclin B-Cdk1 can induce NEBD/GVBD, the subsequent formation of the meiotic spindle is abortive. However, the reduction by Gwl restores meiotic spindle formation. 93) The reader should recall that all the historical experimental data that equated MPF with M phasespecific histone H1 kinase and cyclin B-Cdk1 could be obtained only with frog oocytes or their extracts as a recipient of the MPF assay (see Ref. 59) . Why was only the frog system used as a recipient? We found that the answer is simple: Gwl similarly reduces the required activity of purified cyclin B-Cdk1 in the injection assay using frog oocytes as well; 93) and Gwl is mostly localized in the cytoplasm of immature frog oocytes arrested at G2-phase, 93) even though Gwl is generally regarded as a nuclear protein. These two features could have made it easier to detect MPF in recipient frog oocytes. That is, even if the purified MPF preparation did not contain Gwl, the cytoplasmic localization of Gwl in recipient oocytes most likely reduced the required activity of purified cyclin B-Cdk1 upon injection of the purified MPF into the cytoplasm. The cytoplasmic localization of Gwl also explains why MPF was detectable from enucleated frog oocytes after progesterone treatment. 32) Taken together, these results show that Gwl is a critical constituent of MPF that is crucial for the physiological function of cyclin B-Cdk1.
5.4.
Reconciling MPF, M phase-specific histone H1 kinase, and cyclin B-Cdk1. A clear discrepancy exists between the currently wellaccepted view that MPF F cyclin B-Cdk1 and our conclusion that MPF F cyclin B-Cdk1 D Gwl 93) (for a review Ref. 13) . Complicating the relationships between these terms further, Gwl is nonessential for cyclin B-Cdk1 activation at M-phase entry in oocytes of starfish 93) and mice, 167) as well as in mammalian somatic cells, 168) , 169) although Gwl is necessary for further M-phase progression after NEBD in every case. These findings may be explained by the direct phosphorylation of Arpp19 by cyclin B-Cdk1, which bypasses Gwl in suppressing PP2A-B55. 94) The reason for this discrepancy is a semantic but nonetheless important difference in the definition of MPF. Today, MPF (referred to as "current MPF" below) is assumed to represent an activity that is already present in cells as an activated form of cyclin B-Cdk1. Originally, however, MPF (referred to as "classical MPF" below) was defined as a transferable activity that can activate cyclin B-Cdk1 that is in an inactive form in recipient cells (see Fig. 1B ). In spite of these differences in definition, it is surprising that the molecular identities of the classical MPF and the current MPF are different because the autoregulatory activation of cyclin B-Cdk1 in cells should make them indistinguishable.
When a cell physiologically enters M-phase in the absence of active cyclin B-Cdk1 and Gwl, the initial activator acts as a trigger to reverse the balance between Cdc25 and Myt1/Wee1, resulting in the initial activation of cyclin B-Cdk1 ( Figs. 2A  and 9 ). This initially activated cyclin B-Cdk1 may begin to directly phosphorylate and suppress phosphatases, such as PP1 and PP2A-B55, that antagonize it. Accumulation of a small amount of activated cyclin B-Cdk1 starts the autoregulatory activation loop, which accomplishes full activation of cyclin BCdk1 by further suppressing the opposing phosphatases (e.g., through Gwl) and further enhancing the reversal of the Cdc25-Myt1/Wee1 balance. It is thus assumed that the autoregulatory activation loop is preceded by a "priming step" which is accomplished by the initial activator and the initially activated cyclin B-Cdk1.
By contrast with these normal events, in the case of classical MPF, the introduced active cyclin BCdk1 needs to start the autoregulatory activation loop under intracellular circumstances in which the priming step is skipped. The absence of the priming step most likely explains why the classical MPF requires Gwl, and also why, in the absence of Gwl, an extraordinary excess of purified cyclin B-Cdk1 activity is required for entry into M-phase in the classical MPF assay (i.e., in the microinjection assay). Classical MPF is thus the system (composed of cyclin B-Cdk1 and Gwl) that initiates the autoregulatory activation loop for cyclin B-Cdk1 under intracellular circumstances that do not allow the initial activation of cyclin B-Cdk1. In contrast, the current MPF simply represents the fully activated cyclin B-Cdk1 already present in a cell.
Another reason for the confusion between classical MPF and current MPF lies in the historical origins of the in vitro histone H1 kinase assay. As was described in section 3.2, the study of the M phase-specific histone H1 kinase began independently of that of classical MPF. Because of the similarities in their patterns of cell cycle-dependent changes in activity, and because both purified frog MPF and cyclin B-Cdk1 were shown to have histone H1 kinase activity, all of these were assumed to be the same entity. This assumption was so powerful that some inconsistent observations, for example those in enucleated starfish oocytes, 149) were pushed aside and ignored. With our current knowledge, we can conclude that M phase-specific histone H1 kinase is indeed synonymous with cyclin B-Cdk1 and the current MPF, but it is not the same thing as classical MPF, which requires the activities of M phasespecific histone H1 kinase and Gwl.
Concluding remarks: Lessons from starfish oocytes
The study of starfish oocyte maturation is a born-and developed-in-Japan research field owing to the identification by Haruo Kanatani and colleagues of 1-MeAde as the first bona fide MIH in metazoan oocytes. My group entered the study of starfish MPF to elucidate the molecular mechanisms underlying 1-MeAde-induced meiotic maturation. Over the years, starfish have proven to be highly useful in elucidating many fundamental principles about the nature of MPF, the universal inducer of M-phase in eukaryotic cells. These principles include the historical convergence of "current" MPF with M phase-specific histone H1 kinase and cyclin B-Cdk1, and the much later realization that the authentic, classical MPF (i.e., a transferable M phase-inducing activity) consists both of cyclin B-Cdk1 and Gwl.
Comparisons between control of the meiotic cell cycle in 1-MeAde-treated starfish oocytes and in other systems, particularly frog oocytes, established the key concepts that the universal coordinator of the meiotic cell cycle is the Mos-MAPK pathway; and that the most conserved role of this pathway is to accomplish the meiotic I to II transition which results in the reduction of ploidy to half, a fundamental aspect of meiosis. Although rewiring downstream of the Mos-MAPK pathway executes the second meiotic arrest at diverse stages (meta-I, meta-II, and G1) depending on the species, it is noteworthy that in all cases the Mos-MAPK pathway converts the mitotic cell cycle into the meiotic cell cycle and ultimately blocks the meiosis-to-mitosis transition.
Current trends in life sciences focus greatly on research in mammals, particularly those related to human diseases, and to studies in so-called model systems such as the nematode C. elegans, the fruit fly Drosophila, and the frog Xenopus. However, biological systems are amazingly adaptive, and focus on any one organism leaves the overall picture in question. For example, C. elegans lacks obvious gwl 170) and mos 132) genes, Drosophila does not require mos for meiosis, 133) and Xenopus oocytes localize Gwl in the cytoplasm. 93) As described here, the starfish oocyte system has been invaluable for uncovering the conserved fundamentals of cell reproduction and the reduction of genomic ploidy during meiosis. Other starfish oocyte studies, such as those by the group of Peter Lenart and Jan Ellenberg, have had important, general impacts on the role of nuclear actin 171) and the behavior of meiotic centrioles. 172) Very recently, Kazuyoshi Chiba and colleagues found an interesting regulatory mechanism of poly(A)-tail elongation for protein synthesis during starfish oocyte maturation. 173) My own group is now focusing our research on two areas: the identification of the 1-MeAde receptor and characterization of the starfish Asterina pectinifera genome (in collaboration with Takehiko Itoh). Based on the experiences recounted here, we anticipate that the completion of these studies will open new frontiers that will extend well beyond the starfish.
